Claude Inglis, who died on 29 August 1974 at the age of 91 years, made his mark in India and later in Britain in the field of irrigation and hydraulic research. He was responsible for advances in irrigation management in the Bombay Deccan and made notable contributions on river training and the use of hydraulic models with loose boundaries.
understood it and found that it was consistent with his own logic. Once he had made up his mind there was little scope for argument; his view was the right one _and it usually was. His ambitions were not for personal power but for the achievement of the particular objectives which he was convinced were right. His energy was matched by a determination to have things done in the way he wanted, against any opposition. With such a character it is not surprising that he was different things to different men. To members of his staff at Poona he was their 'guru' or wise teacher. Others found difficulty in working with him and inevitably he made enemies, but he also had staunch friends.
Sir Claude's son, Brian Inglis, writes: 'Although himself involved for so long in laboratory-type research, he always insisted that its purpose was to confirm, modify or cast doubt on a "hunch" ; the hunch must, he argued, come first. He would go out and brood over a problem from, say, a hill overlooking it; the solution would come to him and the experiments were there to prove it had been right. He had no use for researchers who had no field experience, which no doubt accounts for some of his critics' barbed comments; particularly as he had no glimmering of a notion of tact ("the trouble with Inglis , one of his colleagues in India observed, "is that he can't be content with showing a man is a fool; he must show he is a bloody fool"). ' Off duty, Claude Inglis had a sense of humour. For example he was obviously amused when he read in the Times of India a poem beginning as follows.
Who said ' M ?
If you want to pass a globule Made of pani through a module* You must study C. C. Inglis-Engineer. For the subject of my rhymes Fills the Engineering Times With some stuff that makes my head feel rather queer.
Claude Inglis was born in Dublin on 3 March 1883, the seventh child of Sir Malcolm Inglis, J.P., Deputy Lieutenant of the County of Dublin, who was knighted for his public services. Though both his parents were Scottish, the influence of the Irish environment in his upbringing was quite apparent, as well as the influence of an English public school. He was educated at St Helen's School, Dublin (1892-96). Shrewsbury College, England (1896-1900), and at Trinity College, Dublin, under Professor John Jolly, Sc.D., F.R.S. He enjoyed music, playing the cello and the piano, and while at University was Registrar of the College Choral Society. He took up golf at an early age; trained by one of his brothers (who played his long game left-handed and his short game righthanded), he became a scratch player and represented Ireland. He remained a keen golfer until late in his life his eyesight began to trouble him. 358 Biographical Memoirs * Module-a device to control flow at a fixed discharge.
Early years in India
Like some of his brothers he evidently had ideas of going abroad. He visited Australia when a student but returned home and in 1906 applied for an appoint ment in the India Service of Engineers. These appointments were made annually by the Secretary of State for India, but it was the custom for those appointed to remain in one province for the whole of their service. They would, however, be moved periodically from one district to another within the province. Inglis was posted to Bombay Presidency, in the Public Works Department, Irrigation Branch. He arrived in November 1906 and was sent to Sind. Irrigation in India was administered by the provincial governments. The head of the department was a Chief Engineer, who in some provinces was also Secretary to Government in complete administrative control of the department. In Bombay Presidency one Chief Engineer was in charge of irrigation in the Deccan and another in Sind. Under them were Superintending Engineers in charge of circles in each of which would be four or five Executive Engineers in charge of divisions or districts. The divisions were divided into subdivisions.
On arrival in Sind, Inglis was appointed as Assistant Engineer attached to the Executive Engineer, Jamrao canal. It was the practice for young engineers to be given positions of responsibility at an early stage and he was soon given charge of a subdivision where his duties were chiefly the management of distribution of water from the canal to the fields, also the maintenance of the canal and distribu tary channels and structures in his subdivision and the design and construction of any small engineering works required. He had an office and outdoor staff, he would travel over the area, staying at 'dak' or inspection bungalows provided for the purpose, making daily inspections on camel or horseback to see that the channels were flowing properly, the available water was distributed fairly and none wasted, and deal with complaints and report to his Executive Engineer who would also make occasional inspections with him. It was an open-air life and reasonably healthy except for the malaria and risk of contracting other diseases found in sub-tropical countries. In the evening one played games at the club or, when on tour, perhaps went out to shoot small game for the pot. Inglis became an excellent shot at snipe.
From letters written to a friend at home he enjoyed his new life and found his colleagues and seniors good company. He wrote: 'The PWD men here have been kindness personified. One of them came round on his own accord, wrote out a list of all the things I would require, took me to the Point to Point races and finally came round the bazaar with me and selected the whole of my kit.' He had great respect for his Executive Engineer F. St J. Gebbie, and admired his qualities. Inglis was apparently diligent in his work and pleased his seniors. It was not long before he applied his critical eye and wanted to make improvements in the system, and it pleased his 'ego' to have his ideas approved, especially if he thereby scored over his contemporaries. He wrote: 'B . . . and W . . . went to a conference with the Commissioner and H . . . tells me B . . . gave the Commissioner the choice of two proposals-both of which were mine-either to remodel the Jamrao, reducing all minors (small distributaries) to less than 15 miles and making a lot of new distributaries, or else to use my profiles, giving us additional powers. B and W . . . talk about my proposal to reduce the length of minors as if it were an inspiration. In fact they have both said that I deserve and will get great credit for making the definite assertion. Heavens! I knew that before I had been on Jamrao a month. What none of them realise is that the profile idea as worked out is more or less of an inspiration.'
T ransfer to the D eccan
After three years he was promoted to First Inspecting Assistant Engineer, when he supervised the work of three subdivisions and in 1911 he was transferred to Bombay Deccan as Executive Engineer, Godaveri canals, with the object of introducing northern Indian methods of irrigation to the Deccan. The irrigation system in the Deccan was, however, different in that water was supplied from reservoirs filled during the monsoon. Whereas in Sind rainfall was at best irregular and at worst nil, so crops depended entirely on canal water which was in great demand, in the Deccan rainfall was very regular during the monsoon months and many crops were grown on this alone. During the dry season much use was made of wells and the available supply of canal water generally exceeded the demand, and he advised against the proposal. The government encouraged the growth of sugarcane on canal water as this required intensive irrigation. This led in time to waterlogging of low-lying areas and the consequent evil of salt efflorescence and permanent damage to black cotton soil.
In 1913 Inglis was appointed to Poona Irrigation District where he had charge of the Nira canals and had the opportunity to study the problems of waterlogging at first hand. In 1916 a new division was formed, the Special Irrigation Division, to deal with this problem by soil classification, land drainage and reclamation and research in connection with these. Inglis was put in charge. He was doubtless well pleased at the chance to initiate and develop such work on his own and it was his first taste of organized research. Six graduates from the Agricultural College were appointed to work under him in cooperation with the engineering staff and 60 acres of land near Baramati, which had been good land but following canal irrigation had become the worst salt-affected area on any canal in the Deccan, was taken over for drainage and reclamation experiments. The Agricultural Department had tried drainage without success; Inglis investigated the soil and geological conditions and demonstrated that drains in a soil of low permeability had only a very local effect but if the relatively permeable murum (decomposed trap) beneath were tapped, large areas could be drained. He found that drains 2.4 m deep were feasible and could be regarded as the economic limit.
Then followed the survey, under his direction, of half a million hectares of land commanded by canals in the Bombay Deccan. Ground surface and subsoil contours and ground water depths were plotted, showing the depth of surface soil, the directions of natural subsoil drainage and the locations of permeable material which would be intersected by new drains. The permeability of the subsoil was measured by observing the rate of rise of water in boreholes.
An interesting feature of the soil survey was the discovery that much time could be saved by examining the weeds growing in the soil. After a careful study it was found that some 20 out of 120 common weeds were good indicators and these, when combined with observation of materials exposed in wells and in banks of streams, and in subsoil bores made with hand augers, made it possible to assess subsoil successions down to a depth of 2.4 m with a high degree of accuracy. V. K. Gokhale, soil physicist, became particularly skilled in this aspect.
Sugarcane irrigation was already controlled by the 'block system', in which one-third of a block area could be used for sugarcane and the remainder was allowed only light irrigation. Inglis wanted further controls to prohibit sugarcane in very shallow soil where seepage would be greatest and in deep black cotton soil where drainage could not be provided, and allow irrigated crops only in soils most suited to them. He used his persuasive powers to induce the Govern ment to adopt his proposals against opposition from the farmers who disliked Government interference in their operations and from some officers of the Irrigation Department who would have to submit applications for irrigation to Inglis's office for approval, but there can be no doubt that such measures were needed to restrict further damage in low-lying lands.
In the meantime, Inglis had successfully drained the experimental area at Baramati and had found that damaged soils could be reclaimed by leaching, chemical treatment and cropping with rice, showing that reclamation was feasible though perhaps costly. In the following years, several drainage schemes were constructed in damaged areas commanded by irrigation canals in the Deccan, The responsibilities of the Special Irrigation Division also extended to other aspects of research concerned with irrigation. In 1918 an expert from England had advised that effluent from the Poona sewage scheme should not be used on the land but should be chlorinated and discharged into the river. This would have been costly, so the Government accepted Inglis's alternative scheme for mixing it with canal water and using it for irrigation. To induce the farmers to use the mixture and to determine the best methods for its use an experimental farm was established. This was first run by the Agricultural Department but was later handed over to the Special Irrigation Division to run. The opposition of the farmers was overcome when they saw that excellent crops were grown, particu larly sugarcane from which the out-turn was better than that from neighbouring crops with normal fertilizers.
In 1924 Inglis was made responsible for river gauging in the Bombay Presi dency and in a Technical Paper on rainfall, runoff and floods (1930) he derived a formula which has since been in general use in the area. He also directed and edited the draft of a new irrigation manual for the Bombay Deccan and investigated weed growth in the canals and measures for their control. About the same time Inglis became involved in a controversy in regard to the future policy for irrigation management in the Deccan. The Director of Agriculture and some irrigation engineers held the opinion that sugar factories could not succeed on the Deccan canals. There was already one company cultivating sugarcane in a large area on a systematic basis; the cane was processed in a factory to produce refined sugar. Apart from this, sugarcane was grown mostly by small farmers who produced unrefined sugar or 'gur' for local consumption by operating simple crushers, the juice being heated in open pans. Inglis believed that the establishment of more sugar factories was needed to ensure the economic viability of the canals, especially the Nira Right Bank canal, recently constructed, where the demand for irrigation by local farmers was very sluggish. Government ordered a special investigation which vindicated Inglis's view and, after some delay, action was taken to encourage the establishment of sugar companies in the area. In due course several factories started operation by private companies and these created a steady demand for water. 372 Biographical Memoirs
H ydraulic research in India
The experimental station for hydraulic research grew from a small beginning in 1920 when, to control the distribution of water from the canals, a measuring device was needed. After testing and calibrating, Inglis produced the 'standing wave flume', a simple critical-depth meter which was semi-modular, i.e. the discharge passing was independent of the tail water level provided the hydraulic jump was not drowned, which could easily be seen. This was an advantage because the farmer could not increase the flow by deepening his channel down stream and the discharge could easily be determined by reading the upstream gauge. The same principle was applied to the design of semi-modular outlets from distributaries and the use of these flumes and outlets became standard throughout the Deccan irrigation system. Inglis also developed a full module, in which the discharge was fixed by the dimensions and was independent of head and tail water levels within a working range. This had been invented by A. S. Gibb of the Punjab Irrigation Department and consisted of a spiral with several baffles, without moving parts. A number of these were used to control outlets on the Nira canals.
Much work was done on siphon spillways for reservoirs, which offered advantages over free overfall weirs in allowing a higher water retention level, and over gates because of their automatic operation and reliability. Scale effect in models was explored by constructing a large and a small siphon of the same design, geometrically similar; the large siphon having a discharge capacity of 15 m3/s. It was located downstream of Khadakwasla dam, near Poona, and must have been about the largest model tested anywhere at that time. In some of the tests alternate priming and depriming persisted, with a loud intermittent gurgling roar which could be heard for miles.
Khadakwasla presented such advantages for a hydraulic model research station over the canal site previously used that it was expanded and all hydraulic research work was transferred there. A large discharge was available from the reservoir under pressure through eight sluices, each separately adjustable. The water was clear for most of the year and was not wasted after use, being discharged into the irrigation canal. The climate was never too cold for the operation of large models in the open.
In 1928 when the Sukkur barrage in Sind, the largest in India, was under construction, Inglis was asked to advise on certain aspects of hydraulic design. Following model tests he condemned the design on five major points. His recommendations were accepted and the design modified accordingly. Further requests for advice followed, many concerned with the design of structures on the new canals in the Sukkur barrage scheme and the exclusion of sediment from canals. Enquiries also came from further afield, notably from the Railway Board in connection with Hardinge bridge as described later. Though research with rigid models had been carried out at laboratories for some years and isolated tests had been done with river models having mobile erodable beds, the Poona station was probably the first where large models with mobile beds were systematically used to elucidate hydraulic problems.
About this time the Government of India in consultation with the provincial governments established the Central Board of Irrigation as a coordinating body, mainly on technical matters and research, administrative control of the irrigation departments being retained by the provincial governments. Two or three meetings were held each year, attended by delegates from each member province. Inglis was from the beginning a delegate from Bombay and took an active part in the discussions. Subjects were selected on which delegates would submit papers and the discussion was often stimulating.
Though several provinces with irrigation systems now had their own hydraulic research laboratories, the need was felt for a central station for the whole of India with better facilities than the provinces could provide. This would be available not only to the irrigation departments but also to the Railway Board, port authorities and any other public bodies who might require advice in its field. The Bombay Government, at Inglis's suggestion, offered the research station at Poona (Khadakwasla) for this purpose. It would be immensely attractive to Inglis to be the first director of the central research station, with much more scope than he had had and he was sure that he was best suited for the post, but there were two snags. One was that he was approaching the age of retirement according to the service rules, 55 years, and the other was that the Punjab Irrigation Research Institute was a serious rival to Poona. Apart from the question of the central station Inglis feared that if it was not selected and he himself left on retirement, the Bombay Government might decide to close down the station at Poona or greatly reduce its size. He prepared for battle. He felt that as the Punjab had more irrigation than any other province the Central Board of Irrigation (C.B.I.) might favour the Punjab institute, especially when reports appeared in the Press that the latter was likely to be selected. He listed the arguments in favour of Poona and the arguments which might be put forward in favour of the Punjab and the questions he might be asked so that he would have his answers ready. He saw Lord Brabourne, Governor of Bombay, and obtained his support. He wrote to a friend: 'Realising that I could hope for little from the C.B.I., who were in any case barking up the wrong tree, the G. of I. [Government of India] being unwilling to finance irrigation research, I saw the Hon'ble Members for I & L [Irrigation and Labour], Home, Railways and finally the Viceroy, and put up the case for a River Research Station at Khadakwasla. This received a very favourable reception. Nevertheless, the G. of I. having once handed over the question to the C.B.I., it will be very difficult to get this through in the teeth of their opposition. If it does go through it will be purely a personal victory against big odds-----The whole trouble, which the G. of I. may realise, is that the question is not being considered on its merits. ' In the event, his efforts were rewarded. Despite a recommendation by the C.B.I. for the creation of a new research station at Delhi, thus side-stepping the rival claims of Poona and the Punjab, the Poona station was selected to be the new Central Irrigation and Hydrodynamic Research Station, with Inglis as its first director, and he was given an extension of service beyond the normal retiring age. This meant the end of his work on irrigation management and land drainage, control of which was retained by the Bombay Government. Inglis was now to concentrate on hydraulic research.
The research station at Poona occupied at this stage about 3 hectares of land. During the war years further development was restricted but it has since been greatly enlarged. In the eight years of Inglis's directorship, investigations were carried out on many problems with models while in other cases advice was given without model tests. The investigations were classed as 'specific' if they were required in connection with actual problems referred to the Station, or 'basic' if they were concerned with research carried out on general matters or on the tech nique of model testing. The cost of specific investigations was charged to those requiring them while the cost of the basic work had to be borne by the annual grant to the Station.
As examples of the work done there were specific investigations regarding irrigation barrages, river training at railway bridges, bank protection against scour and water supply intakes. Basic studies were done on flow in alluvial channels, sediment control, depth of scour in rivers, river meanders and the use of spurs in river training, also the technique of reproducing the behaviour of rivers in models. One of the specific investigations concerned the flood problems in Orissa, referred to in more detail later. Another was concerned with bank erosion in the navigable channel of the Hooghly, serving the port of Calcutta, especially important during the war. This involved the use of a tidal model, the first of its kind at Poona. Because of the difficulty in obtaining special equipment from abroad at that time, the tidal control and recording mechanisms were made of components hand made locally, controlled by clock movements taken from alarm clocks, but by trial and error they worked.
Inglis was called in to advise on problems in many parts of India, including the Indian States. In the single year 1944 no less than 54 enquiries were received and, during the war, he was in touch with the Army G.H.Q., advising on prob lems connected with river crossings. A particularly interesting mission was his visit to Nepal in 1941 to report on the westerly movement of the Kosi river which had changed its course laterally more than 80 km in 50 years, devastating the country overrun. He travelled in remote country rarely seen by Europeans and (unusually) his wife accompanied him.
The extensions of service eventually came to an end and he left India in 1945 on leave prior to retirement, rewarded with a knighthood for his services to India. After 39 years of service, mostly spent on irrigation and hydraulic research, he must have felt at this point a great break with his life's work. In his farewell speech to his staff he said: '. . . My parting advice is therefore: Don't hide mistakes and be absolutely honest with yourselves in your work . . . seek ever to make your thoughts and statements more precise and your work more accurate. . . . Especially I would counsel you to view every investigation in its physical aspect. It is not sufficient to obtain a mathematical curve which fits a series of experimental points. You must also understand the physical significance of this curve and reduce the problem to its simplest equilibrium form . . .. ' Mention must be made here of D. V. Joglekar who had served with Inglis for 21 years. For most of this time he was effectively his personal assistant and Inglis relied on him in all his work on the hydraulics side, and later, following K. K. Framji, D. V. Joglekar became Director.
Sir Claude's arrival in England 'on retirement' was the beginning of a new round of activity. He was commissioned by the Government of India to write a report summarizing the aspects of his work at the Poona research station of the kind not contained in textbooks or easily traced elsewhere. With the aid of a secretary and the papers he had brought with him he was able to prepare the report in London and it was published in 1949 in two volumes. Entitled The behaviour and control of rivers and canals with the aid of , it contained detailed accounts of many of the investigations he had carried out and the underlying principles of his work relating especially to alluvial channels and the effects of sediment load and fluctuating discharges.
Inglis was now an independent consulting engineer and his services were still in demand. In 1946 he visited Calcutta to advise the Port Commissioners on the effects of changes in the channels of the Hooghly, and in 1947 he went to Abadan to advise the Anglo-Iranian Oil Company on changes taking place in the Shattal-Arab. In 1948 he advised the Chittagong Port Trust on the training of the Karnafuli river.
H ydraulics research in the U.K.
While he was engaged in this work, the Institution of Civil Engineers approached the Department of Scientific and Industrial Research on the need for a hydraulics research station in the U.K. to deal with such problems as coastal erosion, flood protection and the silting and scouring of rivers, estuaries and harbours. These were essentially 'loose boundary' problems as distinct from the solid boundary hydraulics which was much more predictable. A committee was set up which endorsed the proposal for a research station and recommended the formation of a Hydraulics Research Board and the appointment of a Director of Hydraulic Research. The Board was formed and in March 1947 Sir Claude Inglis, then aged 64 years, was appointed the first Director of Research.
Some hydraulic work was in progress at the National Physical Laboratory and the staff concerned were immediately placed under Sir Claude's direction but the most important and urgent need was a research establishment with adequate facilities. The choice of a suitable site was far from easy; essential requirements were sufficient area of gently sloping land, adequate water supply and electric power. Inglis also considered it most desirable for the new station to be within easy reach of London because of the number of visits expected from clients, the engineering profession and overseas visitors. But there were political complica tions; the Government of the day were following a policy of dispersion of Government institutions to please local interests and provide employment in remote districts. It was considered at high level that a site in Central Wales or Scotland would be appropriate for a self-contained research station. This did not suit Inglis; once again he prepared for battle; he marshalled his arguments; he convinced the Hydraulics Research Board; he enlisted the aid of prominent civil engineers and called on influential persons who might induce the Govern ment to change its mind. Once again, as in the cases of Poona effluent, land drainage and irrigation management and sugar factories in the Bombay Deccan and the establishment of the Central Irrigation and Hydrodynamic Research Station at Poona, he got his way. The location of the new Hydraulics Research Station was approved at a site he had selected at Howbery Park, Wallingford, Berkshire. This was an estate of some 45 hectares with a large house which was to be used for offices. It adjoined the Thames river from which ample water could be pumped, or clear water could be drawn from tube wells. It was readily accessible from London. Work began on the construction of tanks, flumes and wave basins and in 1951 the headquarters of the organization was formally transferred to the new station.
It was intended that the facilities should be the most modern and the best that could be provided. Inglis and some of his new staff visited laboratories in Europe to take note of current developments and the layout of the new station, its buildings, pipework, equipment and instrumentation were carefully planned. One requirement was the main hall which, in its first stage, was 92 m x 61 m with a roof of big span to allow unobstructed floor space for large models. Water was stored in tanks at near roof level for supply to the various models. Two wave basins for coastal works were provided in the open, while smaller models could be accommodated in temporary buildings. Wood and metal workshops, instrument room and stores were also provided; in fact these were built in advance of the main hall, which was then continued on from them. The area of the grounds would permit considerable future extension. By 1955 the first stage of development was virtually complete and by the following year the main hall was almost fully occupied by models being built or in operation.
'Britain and British engineers have much to thank Inglis for. But for his unremitting efforts it is doubtful', in the words of his successor as Director, Fergus Allen, 'we should have a Hydraulic Research Station of the size, sophisti cation and international standing that attaches to the Institution at Wallingford. But for his determination and his judicious blend of pugnacity and charm the research establishment which might ultimately have emerged from the mists of bureaucratic lack of conviction would have been a much more trivial place than the laboratory we have-and to which it is hoped British hydraulic engineers are willing to point with a certain pride. ' Enquiries and requests for advice flowed in. Investigations were carried out on the Forth and Wyre estuaries and on a spillway and tunnel at Fassideri near Athens. Following the disastrous storm surge in 1953, survey teams were sent to inspect the damage on the East coast and a small model of the Thames was used for a preliminary study of the problems concerned with flood protection in London and on the estuary. The effect of a surge-reducing barrage was tested on behalf of the Waverley Committee, the model thus being the forerunner of a larger model built to assist in the study of the same problem some 13 years later. Work was started on a large tidal model of the Thames built at Victoria Dock for the Port of London Authority and an investigation was begun into land recla mation in the Wash. One of the larger models in the main hall was of the tidal reaches of the river Trent in connection with flooding and the Station was also concerned with a flood relief scheme for Shrewsbury. Some of the work was from overseas. A model was made of Lyttleton harbour, New Zealand, one of Karnafuli river and port at Chittagong and another of Tema harbour on the Gold Coast.
Many visitors came from home and abroad. In November 1956, The Queen visited the Station and was taken around by Sir Claude to see the models and equipment. In the same year investigations were started on the river Mersey estuary; this was a combined field and model study of siltation and channel movements. Other specific studies were in progress, too numerous to mention, while basic work included the standardization and calibration of the Crump weir, now widely used in stream gauging, air-regulated siphons, channel meandering, the effect of groynes in coast protection and movements of ships at moorings. New instruments and equipment were developed to meet the needs of the work, including a miniature velocity meter, wave and tide generators and recorders and electronic control of models. A 10 m boat was acquired and equipped for coastal surveys and new techniques were devised to indicate movement of bed material by the use of radio-active and fluorescent tracers.
These were achievements of the team of specialists, ever growing in number and competence, under Inglis's direction. At Poona, Inglis had always acknow ledged the contributions made by his staff, but he himself had played a major part in everything done at the Station and carefully edited all reports. At Wallingford, although at first he may have been able to give personal attention in some detail to much of the work in progress, in spite of his occupation with the equipping of the Station, as the work grew in amount and scope its sheer volume must have precluded his remaining in such close touch and control. Moreover, the problems concerning waves and coastal defence were new to him. Nevertheless, he continued to direct work personally and generally took the decisions. His personal involvement is evident from papers published of which he was co-author with members of his staff: see Bibliography, items 1954-68. Some of the staff may not have liked his occasional blunt criticism, others may have wished for more freedom in their work, but all respected his ability and found his impact stimulating. The senior staff increased in number from nine in December 1951 to thirty in December 1957. On his retirement in March 1958 , at the age of 75 years, the Hydraulics Research Board in their Annual Report wrote about him: 'He was already an international figure in hydraulics when, in 1947, he was appointed the first director and given the task of creating the Hydraulics Research Station. He selected the site and devised the layout of the present Station which will permanently benefit from his genius and foresight. For ten years he devoted himself to building up the Station and training the staff, so laying a sound and wide foundation for the development of a major research establishment of international standing.' Some years later when a new survey vessel was commissioned, it was named 'Sir Claude Inglis'.
Contributions to engineering
Inglis's contributions to engineering were mostly in the field of irrigation canals and river training and the use of hydraulic models in connection with these. In northern India vast areas of crops are irrigated by water diverted from the large rivers which traverse the flat alluvial plains and conveyed in canals dug in the sandy soil. Because of the long dry season and uncertain rains, the food supply is dependent on irrigation water. The canals are therefore a vital life line of the people, and with the growth of the population the irrigated area is contin ually being increased by the construction of new canals. The early diversion works were simple weirs but later gated barrages were built for better control of water flow and the sediment it carried. A constant trouble in the canals was the entry of sediment from the rivers, depositing and reducing their capacity; it was therefore required to design the canals so that they would be non silting but also non-scouring, a knife-edge condition difficult to achieve. Inglis spent much time studying the flow of water and movement of sediment in alluvial channels and developed an intuitive approach. He was particularly impressed by a paper by Gerald Lacey presented at the Institution of Civil Engineers in 1930*. His strong support for Lacey against criticism in published discussion on this and subsequent papers on the same subject led to cooperation between the two over a period of many years, during which they exchanged ideas and advanced their theories regarding alluvial channels. The Lacey 'regime theory', as it was known, was a development of Lindley's theorem that the dimensions of a channel free to shape its own boundaries in alluvial material were uniquely determined by the water discharge and sediment load. By correlating data of velocity, depth, width, slope and bed material of numerous channels presumed to be stable or 'in regime', Lacey produced a group of equations showing that these parameters were all related. The equations when transposed in terms of discharge, Q, and sediment factor, /, showed that the width of a channel in regime was proportional to O*, depth to (Q /f)J, mean velocity to O*//* and slope to f^/OK The factor / was a function only of trans ported and boundary material, being greater the coarser the material. Lacey held that his equations depicted laws of Nature and applied in some respects to alluvial rivers and this led to some controversy, but they have since been accepted as the basis of design of unlined irrigation canals throughout India and Pakistan and have been used in many other countries.
Inglis considered the Lacey theory to be a breakthrough in the understanding of alluvial channels and saw their potential in problems of river control and in the design of hydraulic models with sand beds. The maintenance of irrigation barrages and bridges on northern Indian rivers required constant vigilance. When the rivers rise in flood there may be bank erosion which threatens to breach the canal or railway line, or the main stream may change position away from the canal intakes, or training works may be washed away. The effect of training works is not known in advance. Inglis used hydraulic models of rivers to enable alternative schemes of training works to be tested before construction and even to indicate the future tendency of changes in river course. It followed from the Lacey equations that small channels were relatively narrower and deeper than large channels in the same bed material, as in Nature. Also, experience had shown that hydraulic models of open channels should be vertically exaggerated, i.e. the vertical scale made larger than the horizontal scale, for practical reasons and to increase the Reynolds number. The Lacey equations provided the means of calculation of all scale ratios, once the linear scale had been selected. Moreover, where the bed material was the same in model as in prototype, the velocity scale was proportional to the square root of the depth scale, which also satisfied the requirement of equal Froude number. In practice, Inglis found difficulty in that the model channels tended to become too wide by bank erosion, owing, he believed, to the material forming the banks being artificially laid without cohesion as in natural rivers, and he devoted much effort both at Poona and Wallingford in experiments to overcome this trouble and determine new rules to apply to models.
Inglis had studied the development and effects of curvature in rivers, resulting in meandering where rivers were free to form and erode their banks in alluvial materials. He noted that larger rivers tended to form longer meander curves and it occurred to him that meander length might be proportional to river width and hence to the square root of the discharge. He collected data of river meanders and carried out tests in small channels and was able to correlate meander length with river width and discharge. The discharge of a river, however, varies over a wide range between low flows in the dry season to high flows when in flood. He there fore introduced the concept of 'dominant discharge'. Lacey had shown how the 3go Biographical Memoirs dimensions of uniform regime channels were related to their discharges. Inglis believed that for any particular river a discharge could be found representative of the dimensions of the channel, i.e. its width, depth, slope and meander length. This he termed the 'dominant discharge , which he estimated approximated to bank-full discharge. In his own words; . . . it will be assumed that there is a dominant discharge and its associated [sediment] charge and gradient to which a channel returns annually. At this discharge equilibrium is most closely approached and the tendency to change is least. This condition may be regarded as the integrated effect of all varying conditions over a long period of time. ' This concept facilitated the application of the Lacey equations to rivers. When confronted with a river problem, Inglis would study the historical surveys and available data of water level and discharge to enable him to diagnose what was happening and why. By use of the dominant discharge an immediate comparison could be made with the stable condition as indicated by the Lacey equations. This reasoning led Inglis to examine the effects of deviations of channels from regime, often due to excess sediment load and complicated by historical variations in discharge and load. Whereas Lacey had used the sediment factor / which appeared in many of his regime equations, Inglis demonstrated that in a given case / calculated by the different equations might be found to have different values and these could be used to evaluate deviations from regime stability. He also produced expressions to introduce sediment load into the Lacey equations.
Various means had been tried to reduce the entry of sediment, particularly the coarser bed load, from rivers into the canals, for example the provision of high regulator sills, deep sluices and divide walls. These were generally effective to some degree but none was completely successful. Inglis made use of his knowledge of meanders and sediment movement in a different approach. Where possible he preferred to enlist the forces of Nature rather than oppose them, and he used the differential movement between surface and bed curved flow to separate the flow carrying a heavy concentration of coarse sediment near the bed from the relatively clear water above. Bed flow is deflected across the channel away from a concave bank, so if the canal intake is located there it will draw more clear water and less sediment. This principle had been used for many years in locating the heads of inundation canals drawing supplies through cuts in the river banks, which could be moved from year to year to suit the movement of river meanders, but with the increasing use of barrages and large perennial canals the locations of the intakes were fixed. Inglis's solution, where conditions were suitable, was to create artificial curvature of flow for use as described. The best known example is the approach channel at Sukkur barrage on the Indus river, Sind. The barrage is 1400 m long; seven canals draw supplies, four on the left bank which is gently concave and three on the right bank. The flow from a rocky gorge upstream is directed slightly towards the left bank and, because of the curvature, the canals there drew less sediment than those on the right. Two of the right bank canals silted heavily between 1932 when the barrage was first operated and 1938, despite control provided by the divide wall and gate operation.
Following intensive model tests at Poona, Inglis recommended the construc tion of a curved approach channel near the right bank upstream of the barrage and leading to it, with a second channel taking off from the first on the concave bank and leading to the right bank canals. When the river carried surplus flow, as in floods, flow could be passed through the approach channel, the canals drawing surface water while the rest of the flow in the channel was discharged through the barrage. At times of low river flows when less sediment is carried, the barrage gates would be closed and the approach channel flow would be reduced to that drawn by the canals. The control was thus flexible to meet varying river flows. The approach channel was 1500 m long with discharge capacity of 1300 m3/s. The right bank canals drew up to 500 m3/s. The scheme was adopted and constructed in 1939-41. Surveys of the three canals in 1941 showed that the silted bed levels had already begun to fall and their discharge capacities continued to improve.
Many of the railway bridges across alluvial rivers, which had been satisfactory when built, began to give trouble after some years when the rivers changed their courses or angle of approach. Often armoured guide banks were provided to maintain a straight approach or spurs were built to deflect the flow towards the bridge. The spurs were armoured banks projecting into the river and were uncertain in their effect; sometimes they failed in their object while others were washed away in the floods. Inglis had observed that some spurs deflected the flow while others attracted and held it, according to their location in relation to the meander. He showed how 'repelling' and 'attracting' spurs could be used to control the river and where they should be located to be effective. Inglis's advice was often sought and in many cases model tests were carried out at Poona; in other cases he felt he was able to advise without model tests. Two examples are of particular interest.
The Hardinge bridge spanned the river Ganges north of Calcutta, carrying the main railway line to Assam. It was built in 1911 in what was considered to be a reasonably stable reach, the river being held by two outcrops of clay upstream, though there had been swings of the main course from bank to bank during the previous century. The training works consisted of upstream and downstream guide banks and three independent banks upstream known as the Damukdia, Sara and Raita banks, respectively about 2, 5 and 11 km upstream of the bridge. The river at the bridge was If km wide. These banks were armoured with loose quarried stone. In September 1933, soon after the completion of the Damukdia bank which was built after the others, a breach occurred in the right guide bank near its head during a high flood. The bridge was saved only by prompt action, filling the breach with a large volume of stone.
At the request of a special committee set up to advise the railway authorities, Inglis carried out model tests at Poona and succeeded in reproducing the condi tions at the toe of the right guide bank which he maintained had led to the failure. In his view these conditions were directly due to the existence of the Sara and Damukdia banks upstream and would be relieved if they were removed. This view was strongly disputed by the bridge designer, Sir Robert Gales, in a paper he presented to the Institution of Civil Engineers* but Inglis in the discussion pressed his point, and was supported by W. L. C. Trench, a member of the committee. In the event, Inglis's recommendations were accepted to the extent that the protective armour from the Sara bank was removed, so allowing it to erode and relieve the attack on the guide bank, which was later extended to be continuous with the Damukdia bank.
The other example of Inglis's river training work relates to his proposals for saving the railway bridge at the Rupnarain river. The East India Railway and the Grand Trunk road to Calcutta had been cut by the disastrous breach of the Damodar; repairs could not be undertaken and as the Burma campaign was in progress, the position was critical. The Bengal-Nagpur Line, the only remaining communication to Calcutta, was threatened with being cut off by the Rupnarain river. The left bank loop of the Rupnarain river had eroded to within 1500 ft of the railway at its nearest point, and accelerated erosion was then taking place with grave danger to the approach to the bridge. It was at this stage that Inglis was called in to advise how the erosion could be halted in such a way that the work could be completed within five months before the break of the monsoon. With the aid of only a small rigid bed model constructed for another purpose (to see whether the unusual tidal conditions could be explained) Inglis recom mended that a 'repelling groyne' should be constructed, first extending out 800 ft and later further extended, against opposition of the railway engineers to 1400 ft. This groyne proved even more successful than had been expected, and within three months of the break of the monsoon the threat to the bridge was completely averted.
An example of Inglis's application of his knowledge of rivers carrying sediment is found in his work in connection with the flood problems of Orissa. He was a member of a committee set up to study the problems and advise on their solution in the period 1938-42. James Shaw, then Executive Engineer and later Chief Engineer, Orissa, writes: 'Sir Claude found the Orissa delta flood problems of special interest as presenting a large combination of big rivers with many different aspects to consider. The three largest rivers had maximum flood discharges of 45 000, 18 000 and 14 000 m3/s respectively and the largest river was over 1-| km wide between embank ments in places.
'A large program of hydrodynamic and land study was undertaken and a model experiment was set up at Poona to prove the distribution of separate river discharges at the head of the Mahanadi delta and the possible effects of the pro posed methods of control. This study benefited Orissa but was also of value to Sir Claude in his general studies of river meandering, silt burden and transport and the effect of double banking deltaic rivers. From the beginning Sir Claude emphasized the fact that the problem was not so much the disposal of excess water as the disposal of sand and silt since these so greatly affected the capacity * Gales, Sir R. R .: 'The principles of river-training for railway bridges, and their application to the case of the Hardinge bridge over the Lower Ganges at Sara', J. Instn Civ. Engrs  10, 136, 1938. of the channels. No easy solution was found from comparison of old river data as there were so many fluctuating factors such as sequence of flooding, occurrence of breaches, construction of embankments and flood escapes, and altering of offtake conditions at bifurcations. On the whole, however, there was no proof of a general rise in river bed levels in the last 80 years during which many flood embankments were constructed. This, together with Sir Claude's knowledge of recent advances in river hydrodynamics, helped to determine the policy and programme of the Orissa Advisory Flood Committee. This policy was to conserve and improve the main rivers by restricting the number of branches where at all possible; the extension of double embanking combined with adequate interior drainage; prevention of breaches; spilling of flow in excess of a pre determined figure on the land by selected high level flood escapes taking no coarse silt; and the maintenance of clear river mouths into the sea. As a general policy it was also recommended that there should be strict forestry control in the river catchments to prevent denudation with its ill effects on flooding and th a t. . . the construction in the future of flood detention reservoirs in the catchment areas was considered desirable.' Inglis had observed that, in general, large channels had a greater sediment-carrying capacity than small channels per unit of discharge, so more sediment would be carried by a given flow in the delta if the channels were combined into a few large channels than if they were allowed to divide into numerous small channels. Hence the policy of restricting the number of branches, illustrating an important principle in Inglis's methods of river control in deltaic conditions.
Although Inglis had been a pioneer in the use of large models with mobile sand beds and gained much experience over a long period on their design and operation, his conclusions and recommendations in any particular case of river training depended more on his personal judgement and feeling of what was happening, and what would occur if certain action was taken, than on the actual results in the model. In this respect his approach differed from that of those engaged in pure research and from that of hydraulic laboratories where reliance may be placed more on the reproduction as far as possible of the prototype river. In his Presidential Address to the Engineering Sections of the 28th Indian Science Congress at Benares in 1941 entitled 'Hydrodynamic models as an aid to engineering skill' he classed hydraulic models in four main types: (I) geometric ally similar models which give geometrically similar results; (II) geometrically similar models which do not give geometrically similar results; (III) models with a mobile bed in which flow pattern is the dominant factor; (IV) vertically exaggerated models: (a) rigid, (b) semi-rigid, (c) mobile. After giving examples of each, he ended: 'The general conclusion is that in competent hands a very wide range of experiments with large models gives results of high qualita tive accuracy and may also give quantitative accuracy; but in the case of river models, the data available are generally meagre, and though the gaps in data can be filled to a large extent by an officer with wide field experience, so that a model can be made to reproduce what has previously occurred in the prototype under known conditions of discharge and silt charge, the problems which generally have to be tackled are of immediate urgency, the discharge data being inadequate and the silt charge data nil, and we are asked "What will happen if nothing is done ?" Satisfactory answers depend to a marked extent on an intimate know ledge of the engineering side of the problems under consideration combined with a flair for diagnosis. Mobile river models are in fact a valuable aid to engineering skill, which however they can never replace. ' In the words of Gerald Lacey, 'Claude's great gift was his flair for interpreting river behaviour. We might almost say that he studied river pyschology. He treated these alluvial rivers as if they were alive, not rigid and dead. He asked himself the question "What would I do if I were the river ?" and almost invariably got the answer right.' 3g4
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Retirement
In his retirement Sir Claude reverted to private work as consultant and for a few years he and his wife stayed on in Wallingford where he kept in touch with progress at the Hydraulics Research Station. In 1963 they moved to a house at Henfield, Sussex, where they would be near nieces who were living in that district. Sir Claude's sight was deteriorating owing to cataract in both eyes and one eye was operated on. Tragically this was unsuccessful and led to loss of sight in that eye. The surgeon advised that there was considerable risk that an operation on the other eye would also be unsuccessful so this was deferred. Even so, he carried on his activities with zest, aided by his wife and by his secretary. The procedure was for his secretary to read incoming correspondence and any technical literature he wished to study into a tape recorder. He would later play this back and dictate letters into a second recorder while a third recorder was used as a memory and for his notes.
He continued to advise a firm of consulting engineers in London on the Hooghly. He kept in touch with the Chittagong Port Trust on problems with which he had first been consulted in 1948. This correspondence continued until December 1970 when it came to a sudden end owing to internal strife in East Pakistan. He was also consulted by a British company operating tea estates in West Bengal, India. He had first been called in to advise on this work in 1952 after debris from land slides in the hills was washed down rivers by heavy floods, filling the channels and causing damage to the adjoining tea estates. A program of river training works was then carried out and, though his advice was not always followed, Inglis was consulted from time to time. He was sent reports on the rivers and training works and gave further advice on action to be taken. This involved much correspondence which continued until the latest report was received in February 1974, when he wrote asking for a set of new maps then being prepared to be sent to him. Many of his letters contained explanations of his diagnosis and proposals and descriptions of what should be done. It is remark able that a man of his age and failing sight, unable to visit the scene, should be able to visualize what was taking place and offer detailed advice by correspondence.
Throughout his retirement he kept himself aware of developments in his field by reading, or later having read to him, published literature and he carried on correspondence with friends and contacts in the profession. Mrs Cynthia Smith his secretary writes: 'To me his amazing quality was his lively interest in new developments in his field and his efforts to comprehend techniques such as mathematical models which have never been part of his experience. ' Miss Marie Lindley, the first lady member elected to the Council of the Institution of Civil Engineers, also writes: 'My own contact with Sir Claude arose from the fact that he was a contemporary and friend of my father in India and Lady Inglis was my godmother. Sir Claude and Gerald Lacey took up and extended my father's original work on the regime of canals and Sir Claude frequently drew attention in his writing to that original work. 'When Sir Claude retired and I myself returned to work in England, I used frequently to spend weekends at Henfield enjoying discussion of problems which he was currently studying. He used to "talk out" ideas for his contributions with me in a way which he was unable to do with his non-engineer helpers. He retained a very active interest in his engineering and in sport, in spite of increasing isolation caused by his decreasing mobility, in a rural area. He always welcomed visitors and would soon have them deep in engineering discussion. His work, when I knew him, was concerned with understanding and interpreting natural phenomena and identifying the real causes and effects in the rivers and canals which he was considering. He was very concerned with the misinterpre tations which he saw others making, particularly where an opportunity was being missed of making nature do most of the work. ' During his retirement Inglis became interested in theories regarding the ancient civilization Mohenjo Daro in the Indus valley, Sind, where there is evidence that irrigation was practised some 4000-5000 years ago. He wrote in November 1966: ' . . . I have been dealing with the reason for the sudden extinction of the town of Mohenjo Daro of the Harappan civilization (b.c. 3800 to 3200)' and later 'I am getting more and more involved in the Mohenjo Daro problem, because three books by people with different ideas have just been published, and though the ideas expressed therein are not the true explanation, and can be refuted, establishing the correct explanation presents great difficulties, as it depends on the positions and behaviour of several rivers 4000 years ago.' Again in 1970 he referred to a paper written by a friend who had been in the Indian Civil Service in Sind, H. T. Lambrick, which refuted 'the archaeologist's theory that an enormous lake was formed by a tectonic upheaval, which had led to the formation of a barrier across the Indus valley. We consider the true explanation, based on the position of the Indus 2000 years ago, is that the river some 4000 years ago moved many miles to the east, away from Mohenjo Daro, so that cultivation in its vicinity was no longer possible.'
No biography of Sir Claude would be complete without mention of his wife, Vera, whom he married in 1912. She had great charm and sincerity. She and Claude did much for the Poona Library and she kept in touch with the latest books and with the affairs of the day. She had a practical outlook and devoted much time to local charities and organizations and was the recipient of the Kaiser-I-Hind medal. She had a subtle sense of humour and must have exerted a good modifying influence at times on her husband. She died suddenly in November 1972 which must have been a sad blow to Sir Claude but he showed remarkable resilience and his interests were soon as keen as before. In June 1974 he decided to have the cataract operation on his second eye-a courageous decision at the age of 91 but characteristic of the man. The operation was successful but his general health suffered and he died in August 1974. They are survived by one son, Brian St John Inglis, writer and broadcaster.
We are greatly indebted for the help given to us in the preparation of the memoir by Brian Inglis and by P. 
